Number of calvings at 53 mo (NC53) was proposed as an alternative selection criterion to improve productive longevity of Nellore cows. This study was carried out to estimate variance components for NC53 by assuming different models, so that the potential for using this selection criterion to improve fertility of Nellore cows could be assessed. Genetic correlations between NC53, number of calvings at 89 mo (NC89), and 2 selection indexes used in this breed were also estimated. The NC53 trait is moderately heritable (posterior mean heritability ≈ 0.17) and selecting for this criterion could improve productive longevity of Nellore cows. Greater response to selection is expected by fi tting a threshold animal model for this trait, rather than a linear animal model. Greater accuracy of prediction for this criterion could be achieved by fi tting a threshold-linear model, considering this trait and a selection index composed by traits evaluated at weaning and long-yearling.
INTRODUCTION
Reproductive traits are important for profi table beef cattle production (Phocas et al., 1998; Formigoni et al., 2005) , but their inclusion in selection indexes for Brazilian beef cattle is still modest, especially compared with the emphasis on growth traits. Low heritability of reproductive traits, low accuracy of genetic proofs, and lack of information are often the explanation for this fact.
Reproductive failure is a primary reason for culling beef cows and profi tability of cow-calf operations can benefi t from improvements in productive longevity due to decreased involuntary culling, decreased annual cost of replacement cows, and increased herd production. In Nellore beef cattle, productive longevity has been evaluated using the defi nition of stayability (STAY), for which low estimates of heritability were obtained at 5 to 6 yr of age (e.g., Silva et al., 2006; Van Melis et al., 2010) . In addition to low heritability, the fact that STAY is measured late in life and only in females slows the improvement of this trait.
The number of calvings at 53 mo (NC53) was considered as an alternative selection criterion for productive longevity (Carvalheiro et al., 2005; Pimentel et al., 2006) . The threshold was defi ned at 53 mo to accommodate rebreeding of primiparous cows because rebreeding is considered a bottleneck to improving productive effi ciency of beef cows (Geary, 2003) .
Compared with STAY, NC53 would allow earlier genetic evaluation of bulls and more emphasis on rebreeding of primiparous cows. In addition to discriminating between cows with 2 calves and those that did not rebreed until the reference age, another possible advantage of NC53 is to consider the information on all heifers that were not pregnant in this period.
The objectives of the present study were to estimate variance components for NC53 and assess the potential for using this selection criterion to improve fertility of Nellore beef cows.
MATERIAL AND METHODS
Animal Care and Use Committee approval was not necessary for this study because the data were obtained from an existing database.
Data Source. Records on NC53 were obtained from Conexão Delta G, a commercial beef cattle breeding program, and were defi ned based on the reproductive performance of cows born from 1993 to 2007 and reared in 114 herds located in west and central regions of Brazil under tropical conditions.
Cows of these herds were maintained in pasture systems and received salt and mineral supplementation. Each year, mating season occurred in the rainy season, typically from November to January. Insemination was either artifi cial or from natural service. In this system, cows that did not conceive during one mating season were culled. Conception diagnosis was made by rectal palpation (60 d after end of mating season).
Typically, the fi rst mating of heifers occurs at about 27 mo of age, although a few herds expose heifers at earlier ages (14 to18 mo). Given the typical period in which mating seasons occur in Nellore herds, the threshold at 53 mo would allow us to assess reconception for all females, regardless of their age at fi rst calving.
Calves remained with their dams until 7 mo of age, so that weaning occurred in the beginning of the dry season. Animals were weighed at birth, weaning, and longyearling (about 18 mo) periods. Visual scores were taken for conformation, early fi nishing precocity, and muscling (Boligon et al., 2011) during weaning and long-yearling evaluation. Scrotal circumference was measured in longyearling males. Using these traits, 2 selection indexes have been applied: 1) weaning index (WI), calculated as a weighted sum of standardized EPD for weight gain from birth to weaning, expressed as days to gain 160 kg from birth to weaning (D160; Ortiz Peña et al., 2004) ; conformation (Cw), early fi nishing precocity (Pw), and muscling (Mw) visual scores at weaning, with weightings equal to 0.60, 0.08, 0.16, and 0.16, respectively; and 2) fi nal index (FI), calculated as a weighted sum of standardized EPD for the same traits considered in WI, plus the traits, days to gain 240 kg from weaning to long-yearling (D240), conformation (Cy), early fi nishing precocity (Py), and muscling (My) visual scores at long-yearling and scrotal circumference (SC), with weightings equal to 0.23 (D160), 0.04 (Cw), 0.08 (Pw), 0.08 (Mw), 0.23 (D240), 0.04 (Cy), 0.08 (Py), 0.08 (My), and 0.14 (SC).
In the selection and culling process, farmers sell, on average, the bottom 10% female and bottom 50% male calves, based on WI, to have adequate pasture capacity during the dry season. The remaining animals are evaluated at long-yearling. The top 90% heifers, based on the FI, then selected for replacement. Just the ones that become pregnant are retained. The top 20% males, based on FI, are commercialized or used as sires. The remaining are fi nished and sent to a slaughterhouse.
Data Editing. The trait NC53 was defi ned for each female as the number of calvings at 53 mo of age, given she had performance records until long-yearling age, and also had the opportunity to reach this age. Even though some information is lost under this defi nition, because records of all females born (weaned) in the program were not considered due to sequential selection, NC53 was defi ned aiming to ensure better identifi cation of reproductive performance of females, because most of the long-yearling females are exposed to reproduction.
Contemporary groups (CG) were defi ned based on concatenation of cow farm, season, and year of birth of the cow, and weaning and long-yearling management groups. Due to the polychotomous nature of NC53, the information from CG in which all records fell within the same category was not considered to prevent the "extreme category problem," which could arise in threshold models (Misztal et al., 1989) . A minimum of 2 sires and 5 animals were required within each CG, and each sire was required to have a minimum of 5 daughters.
The relationship between NC53 and number of calvings until 89 mo (NC89) was also evaluated to allow assessment of NC53 as an indicator of productive longevity. For this, records of NC89 were edited so that only females that had the opportunity to reach this age were considered and CG were defi ned similarly as in the case of NC53.
Under such circumstances, records for NC53 were equal to 0, 1, or 2 calvings until the reference age. Records for NC89 varied between 0 and 5 calvings. Summary statistics describing the data for NC53, NC89, and the selection indexes are presented in Table 1 .
Statistical Models. Variance components for NC53 were estimated in single-trait analyses, by assuming a linear or threshold model for this trait, and including the effects of CG and animal.
In matrix notation, the linear animal model used in single-trait analysis can be described by:
in which y is the vector, with observations representing records for NC53, b is the vector of fi xed effects of CG, a is the vector of genetic additive random effects of animal, and e is a random residual term. The X and Z represent incidence matrices relating elements in b and a to y, respectively. We assumed that: E[y] = Xb and a ~ N (0, Aσ² a ) and e ~ N (0, Iσ² e ), where A is the additive genetic relationship matrix, obtained with pedigree information on 158,130 animals, and I is an identity matrix of order equal to the number of observations.
Following Gianola (1979) , when the single-trait threshold model was fi tted, we assumed that an underlying continuous random variable g could represent the liability for NC53. Because NC53 was defi ned by records falling into 3 mutually exclusive ordered categories (Table 1) , a set of 2 thresholds (t 1 and t 2 ) correspond to the discontinuities in the observed scale (y), under the assumption that t 0 = -∞ and t 3 = +∞; such that: if g < t 1 , y = 0; if t 1 < g < t 2 , y = 1; and if t 2 < g, y = 2. In this way, the liability g was modeled as:
in which g is the vector with underlying liabilities for NC53, and b and u are vectors of fi xed effects of CG and genetic additive random effects of animal, respectively. The X 1 and Z 1 represent incidence matrices relating elements in b and u to g, respectively. We assumed that: E[g] = X 1 b and u ~ N (0, Aσ² u ) and e ~ N (0, Iσ² e , where A is the additive genetic relationship matrix and I is an identity matrix of order equal to the number of observations.
To access the potential of using NC53 as a selection criterion for productive longevity, it is imperative to have information about genetic correlations between this trait and other economically relevant traits for this population. Although less appealing than carrying out multitrait analyses considering NC53 and other relevant traits, 2-trait analyses between NC53 and each of the selection indexes described previously (WI and FI) were chosen as a less time-consuming alternative for a preliminary investigation of the overall relationship between NC53 and current selection criteria.
For this purpose, 2-trait analyses were fi tted by assuming a threshold model for NC53 with the same effects described in [2] and each index was considered as a separate trait. Similar procedures were described in Moore et al. (1992) and Thallman et al. (2009) . A linear animal model, including an overall mean as fi xed effect, was assumed for the indexes. The impact of using 2-trait analyses, rather than single-trait analysis, on accuracy of a bull's genetic evaluation for NC53 was also investigated.
Additional 2-trait analyses were carried out to assess the relationships between NC53 and NC89, and also between NC89 and the selection indexes. A threshold model was fi tted for NC89 by including the effects of contemporary group and animal. The NC53 trait and selection indexes were fi tted as described previously.
The records for each index were calculated, as described previously, by weighting the corresponding standardized EPD, obtained from multitrait evaluations, as described in Conexão Delta G (2011) .
Estimation of Variance Components. The REML estimates of variance components were obtained by fi tting the single-trait linear animal model in ASREML-R (Butler et al., 2009 ).
The single-trait threshold model was fi tted in a Bayesian framework using software TM (Legarra et al., 2011) . This software uses Markov chain Monte Carlo and Gibbs sampling methods for variance component estimation. Due to computational convenience, the alternative parameterization proposed by Sorensen et al. (1995) was used so that the difference between t 1 and t 2 was set to 1 and, thus, σ² e could be estimated. Flat priors were used for fi xed and random effects. The Gibbs sampler was run for 100,000 iterations, with a burn-in of 5,000 and samples taken every 50 iterations.
The 2-trait models were fi tted using software TM. Flat priors were used for all effects. In each analysis, the Gibbs sampler was run for 300,000 iterations, with a burn-in of 20,000 and samples taken every 50 iterations. In both cases, no restriction was made on the residual variance of the index, as well on additive and environmental covariance between the index and NC53, so that all parameters were estimated.
Analysis of Results. Effective sample sizes and other summary statistics, regarding the marginal posterior distributions for (co)variance components and variance ratios, were obtained using the library coda (Plummer et al., 2011) in software R, v. 2.13.0 (R Development Core Team, 2011).
The EBV for NC53 and their SE were obtained for the linear and threshold models. The differences in ranking of sires based on their genetic merit for NC53, obtained from single-trait (linear or threshold models) and 2-trait analyses, were investigated by means of Spearman's coeffi cient of correlation.
Also, the accuracy of the EBV of the sire for NC53 obtained in single-trait threshold analysis was compared with the accuracies obtained with 2-trait analyses.
When threshold models were assumed for NC53, the posterior means were considered as estimates for breeding values, as implemented in TM software, whereas the accuracies were approximated using the posterior SE of breeding values and posterior mean of additive variance, similarly as described in López de Maturana et al. (2007). To verify the genetic trend for NC53, the averages of EBV obtained under the single-trait threshold model were computed according to the birth year of animals and the slope of regression of EBV on birth year was estimated.
RESULTS
Results for variance components and related parameters for single-trait analyses are presented in Table 2 . Posterior means, highest posterior density (HPD) intervals at 95%, and number of effective samples are presented for each parameter. Similar results are also presented for 2-trait analyses.
When a linear animal model was assumed for NC53, the REML estimate of heritability (SE) was about 0.10 (0.008), whereas under the threshold animal model, the mean (HPD 95%) of the marginal posterior distribution of heritability of NC53 was 0.165 (0.139; 0.189) and the effective sample size for this parameter was 87 (Table 2) .
Fitting 2-trait analyses only increased slightly the posterior mean of the heritability for NC53 (0.175), regardless whether NC53 was analyzed together with WI or FI. The HPD intervals were also very similar in both cases, as well as the effective sample size for this parameter (nearly 230; Table 2 ).
The posterior means for genetic correlations between NC53 and the selection indexes were both positive and, thus, favorable. The posterior mean of the correlation between NC53 and the fi nal index was slightly greater (0.31) when compared with that between NC53 and the weaning index (0.23). In both cases, the length of the chain was enough to obtain at least 95 effective samples of the marginal posterior distribution of the genetic correlation.
As expected, the residual variance estimated for both selection indexes was very small, compared with the additive variance. Their heritabilities were 0.998 (0.997; 0.999); thus, the impact of keeping free their residual variances is expected to be small.
Results pertaining to genetic parameters for NC89 are presented in Table 3 . For brevity, only the results for heritability of NC89 obtained with the 2-trait model including NC89 and FI is presented. The posterior mean of the heritability of NC89 was nearly 0.12 and less than that of NC53. Results obtained in the other analyses for this parameter were similar (posterior mean between 0.11 and 0.12). The posterior mean for the genetic correlation between NC89 and NC53 was >0.87. As for NC53, results for the genetic correlations between NC89 and the selection indexes were both positive and favorable, although the posterior mean of the genetic correlation between NC89 and FI was slightly greater than that between NC89 and WI.
Even though substantial differences were found between the variance components estimated under the linear model for NC53 and those from threshold models, the rankings of sires were consistent across models because rank correlations were ≥0.92 for all pair-wise comparisons between models (Table 4) . By contrast, if only the top 20% of sires for one of these criteria is considered (n = 184), rank correlations are smaller, suggest- 3 HPD 95% = limits 95% for the highest density posterior interval; N ES = effective sample size; σ² aNC = additive genetic variance for NC53 in the underlying scale; σ² eNC = residual variance for NC53 in the underlying scale; h² NC = heritability of NC53 in the underlying scale; σ² aI = additive genetic variance for the selection index (FI or WI); σ² eI = residual variance for the selection index (FI or WI); h² I = proportion of the variability in the selection index attributable to additive effects; rg = genetic correlation between NC53 and selection index (FI or WI). ing some reranking of animals, depending on evaluation method. In this case, 145 of 184 sires were in the top 20% for NC53 in all situations studied. It can be noted that the consideration of production information in analyses of NC53 (2-trait model including WI or FI) resulted in some reranking of animals.
The main difference between the results of the threshold-linear models and those obtained when NC53 was analyzed separately under a threshold model was the accuracy of sire EBV. Accuracies of sire EBV according to different models are presented in Figure 1 , as a function of the number of daughters with records for NC53. When considering all sires (n = 924), the increase in the accuracy of sire EBV, compared with the respective values obtained in single-trait analysis, was 8.44% and 5.66%, when NC53 was analyzed together with FI and WI, respectively. This gain appears to be marginal, but if we consider only the sires with <25 daughters (n = 586), average increases in accuracy of prediction of 11.94% and 7.91% can be credited to the analyses with FI and WI, respectively (data not shown).
By comparing the average reproductive performance of daughters sired by bulls ranked among the top 10% of sires for NC53 with corresponding fi gures for 10% worst sires, ranked by their EBV for NC53, we found that daughters of the top 10% had superior performance with respect to their productive longevity, sexual precocity, and reconception (Table 5 ). Top 10% bulls had proportion of sexually precocious daughters more than 3-fold greater, whereas the number of calvings at 53 mo and percentage of rebreeding in fi rst-calf daughters were about 70% greater. Average number of calvings at 89 mo was 46% greater for daughters of the top 10% bulls for NC53.
In Figure 2 , averages of EBV for NC53 are plotted according to the year of birth of the animals, aiming to assess the genetic trend for this trait. The overall trend is positive and, thus, favorable. A sharp increase in average EBV was observed from 1997 to 2000, at which time a slower rate of increase was observed. The slope (SE) of the regression of EBV on the year of birth was 1.659E-03 (4.769E-05). When EBV were transformed to the observable scale, the genetic trend corresponded to an annual increase of 0.1853% of the phenotypic mean for number of calvings at 53 mo (data not shown). 
DISCUSSION
The estimate of heritability for NC53 under the threshold model was consistent with previous results for productive longevity of Nellore cows and indicates that this trait is moderately heritable (heritability about 0.17). Also, the estimate of heritability obtained with a linear model for NC53 was considerably less than that estimated with threshold models, such that prediction of expected response to selection for NC53 would differ markedly depending on model assumptions.
The high estimate of genetic correlation between NC53 and NC89 and the lower heritability found for NC89 suggest that NC53 would be an effective indicator of productive longevity at later ages. Marcondes et al. (2005) found a lower estimate of heritability (0.08) for a trait with similar defi nition of NC53 but evaluated at 76 mo after using a threshold sire model. Nieto et al. (2007) also reported estimates of heritability of 0.08 when applying a similar approach to analyze productive longevity of Canchim cows.
A greater estimate of heritability (0.41) was reported by Rust et al. (2009) , after using a threshold sire model to analyze the trait regarded as calf tempo (CT) in Afrikaner beef cattle. The defi nition of CT was the closest to our definition for NC53, so that records of CT fell into 3 categories depending on whether a cow had 0, 1, or 2 calves before 5 yr of age, given she was weighed at of 18 mo of age.
As a general rule, most studies had used STAY for evaluating the productive longevity of Nellore cows. Hudson and Van Vleck (1981) defi ned STAY as the probability of a cow remaining in the herd until a specific age given the opportunity to reach the designated age, usually evaluated as dichotomous trait, in which "success" is attributed to a cow that met these conditions and "failure" otherwise. When evaluated at 5 or 6 yr of age, most estimates of heritability were <0.12 (Silva et al., 2003; Marcondes et al., 2005; Van Melis et al., 2010) , although estimates >0.20 were reported by Silva et al. (2006) and Van Melis et al. (2007) . Silva et al. (2003) and Van Melis et al. (2007) also reported greater estimates for heritability of STAY, when this trait was evaluated at age of 7 yr of age, compared with 5 or 6 yr of age. However, both studies indicated that evaluations at 5 yr would be more advantageous due to smaller generation intervals and greater accuracy of prediction because a larger number of observations were considered.
In the present study, the heritability estimates of NC53 were similar, regardless of whether this trait was evaluated with a single-trait threshold model or with threshold-linear models. Despite this, the increase in accuracy of sire EBV for this criterion was meaningful when NC53 was evaluated jointly with selection indexes, especially in the case of FI. Benefi ts of fi tting bivariate linear-threshold models for analysis of threshold traits were also verifi ed in previous studies (Janss and Foulley, 1993; Varona et al., 1999; Ramirez-Valverde et al., 2001) , although further research could investigate other alternatives to improve accuracies of prediction of EBV for NC53. Even though the expected response to selection is greater under a threshold-linear model, using a single-trait linear model is not expected to greatly alter the ranking of sires for this criterion.
A preliminary investigation of genetic association between NC53 and the indexes currently considered for selection of the population studied suggested that inclusion of NC53 in the selection criteria would not slow the overall response for both selection indexes considered in threshold-linear models, even though future research is needed for a more detailed investigation of the genetic associations between NC53 and each one of the traits in the selection indexes.
Also, the genetic correlations indicated that selection for both fi nal index and weaning index improves productive longevity (evaluated by NC53 and NC89), although this association is not large. The positive genetic trend observed for NC53 also seems to confi rm this favorable genetic association, in a way that indirect selection based on selection indexes probably contributed to improve the overall performance for NC53. However, this genetic trend for NC53 can be considered small if Average EBV on the liability scale were computed according to year of birth, considering all animals (95% confi dence intervals are defi ned by dashed lines). The EBV were obtained with a single-trait threshold model. compared with the values reported by Van Melis et al. (2007) for the genetic trend of stayability in this breed (between 0.34% and 0.51%/yr). Greater rates of genetic progress could be achieved through the inclusion of NC53 in the selection criteria used in breeding programs of Nellore beef cattle.
The main goal of evaluations of productive longevity is to increase the probability that a cow produces enough calves to cover the costs for her production and maintenance (Maiwashe et al., 2009) . In this sense, an age threshold for such evaluations depends on economic aspects (Van Melis et al., 2007) , such as cost of replacement heifers, number and performance of calves weaned, and cull cow prices. In addition to these economic considerations, the defi nition of NC53 was also intended to improve rebreeding of primiparous cows through selection for higher probability of 2 calvings by 53 mo of age.
Even though the estimate of heritability of NC53 was slightly less than that reported for STAY in Nellore cattle in some studies (Silva et al., 2006; Van Melis et al., 2007) , greater responses could be expected for the former trait because generation intervals would be smaller and more information could be considered, which should improve the accuracies of bull EBV. For example, some previous studies with STAY have imposed the condition that, for a cow to be considered, she must have at least one calf previously recorded before the reference age. Even though this restriction seems justifi able for STAY, it would imply a smaller amount of available information than in the case of NC53.
It is important to mention that some caution is needed when evaluating number of calvings, especially because reproductive management is heterogeneous across farms. In the case of Brazilian farms, which start to expose Nellore heifers to reproduction at different ages, cows with fi rst calving at 27 mo of age (i.e., sexually precocious females) would have greater chance to reconceive, compared with those with fi rst calving at ?3 yr of age. Due to environmental constraints, rebreeding of sexually precocious females occurs about 2 yr after ther fi rst calving, whereas females calving fi rst at 3 yr of age have a shorter interval between fi rst calving and rebreeding. This environmental effect must be taken in account when analyzing number of calvings.
Intuitively, treating multiple calvings as a binary trait could lead to some loss of information. Due to a similar type of dichotomization, a considerable loss of power has been verifi ed in genetic studies with polychotomous traits (Corbett et al., 2004; Vazquez et al., 2009; Brisbin et al., 2010) . In this sense, the current defi nition of NC53 would allow better discrimination of productive longevity of cows. Another convenient attribute of NC53 is that it does not require collecting additional data. Because dams of this population are typically culled due to reproductive failure, NC53 would improve bull selection and improve mating decisions.
